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PRELIMINARY STUDY OF THE DYNAMICS OF
V HIGH LATITUDE NUCLEAR PLUMES

I. INTRODUCTION

The late time remnant of a High Altitude Nuclear Explosion (HANE) is a

region of greatly enhanced plasma density in the ionosphere and extended

along geomagnetic field lines into the magnetosphere. This remnant,

commonly called a nuclear plume, extends hundreds of kilometers perpendicu-

lar to the magnetic field and 10's of thousands of kilometers along the

field. The plasma density in the plume is typically 106 to 108 cm- 3 and

can be highly structured perpendicular to the magnetic field. These

nuclear plumes, which can exist for 10 hours or more, constitute a serious

threat to radio and microwave communication systems which rely on space

based assets. At low and mid geomagnetic latitudes, the late time motion

and evolution of nuclear plumes are reasonably well understood. They are

affected primarily by gravity which causes Lhe plasma to slowly fall and by

thermospheric neutral winds which can cause the plume to move perpendicular

to the magnetic field at 10 to 100 m sec -
. This relatively slow motion is

* typical of all ionosphere and magnetosphere plasma at low and mid
latitudes.

The situation at high latitudes, the aurora] regions and polar caps,

is substantially different. Here the ionosphere and magnetosphere plasma

is electromagnetically connected to the solar wind. The convection is

responsible for large scale energetic current systems, the auroral

particles which precipitate into the ionosphere, and the plasma convection,
-1

high velocity plasma flow at speeds which can exceed 1 km sec . Two

natural and important questions immediately arise. How do these dynamic

polar processes affect nuclear plumes? How do nuclear plumes affect the

* polar plasma processes and the connection of the earth's magnetosphere to

the solar wind?

We have recently developed a simulation model for the earth's

magnetosphere and its interaction with the solar wind. The simulation

model allows the theoretical study of the polar currents, the auroral

plasma, and the plasma convection and how these natural processes are

affected by the solar wind. In a recent publication [Fedder and Lyon,
1987] we have discussed Lic czolai wind-magnetosphere-ionosphere current-

voltage relationship. The simulation model also can allow, with proper

alteration, the study of HANE plasma at high latitudes.

Manuscript approved August 4. 1987.
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- In this paper we report the results of a preliminary study of HANE

plasma dynamics at high latitudes. The HANE plasma is modeled as a region

in the polar ionosphere with greatly enhanced conductivity. We report on

the modification which this enhancement causes in the polar currents and

the plasma convection. We discuss the implications of these results for

high latitude HANE dynamics. Finally, we suggest future research studies

to further elucidate the problem.

N II. MODEL

The simulations are based on the ideal MHD equations which are used to

describe the solar wind and the outer (beyond 3.5 Re) magnetosphere. They

are given as follows.

+ V - (pv) = 0 (1)
at

0
avp "+ p (v .V)v + Vp =j x B (2)

t - V (c + p)v + j E (3)

aB
at V x E (4)

pji V x B (5)

N E + v x B = 0, (6)

where the symbols have their common usage. For the magnetospheric-solar

* wind region of interest the major error in these equations is the neglect

of the so-called Hall term, m/pe(j x B), on the right hand side of (6).
These equations are solved as an initial value problem to a quasi-steady

state for a given solar wind condition.

• Our recent simulations have included a number of innovations.

First, the development ot a fully-nonlinear, high-accuracy algorithm for

solution of the MHD equations IJ.G. Lyon, manuscript in preparation].

Second, the use of a spider web numerical grid which is rotated around the

sun-earth axis to provide a 3-dimensional cylindrical mesh which gives
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high resolution in important regions (i.e., the dayside magnetopause, the

polar open field line region). Third, the inclusion of a model for the

conducting ionosphere, which provides a physical inner boundary to the MHD

system. Specifically, the ionosphere is modeled electrostatically,

V E • E = J (7)

The parallel current density, Ji, is calculated at the inner boundary (3.5

RE geocentric radius) of the MHD mesh. It is mapped along dipole field

lines to the ionosphere where the electric field, E, is computed using a

conductivity model for the ionosphere. The electric field is then mapped

outward to the inner boundary where it is used as a boundary condition for

both the momentum balance equation and [or Faraday's Law. The system of

equations (1) thru (7) form, a closed set with the conductivity, E,

provided. They also constitute a realistic, restricted physical model for
magnetosphere-ionosphere coupling. The main etfects ignored are the

Alfven propagation time from 3.5 R to the ionosphere, the possiblee

existence of field aligned potentials, and the enhancements to conductiv-

ity created by precipitating auroral particles.

For the results presented here we have used steady solar windS- 3 - 1

conditions with density, n = 5 cm , velocity, V = 400 km sec , tempera-

ture, T = 10 ev, and IMF, B = 5 nT southward. We have also used a uniform

ionospheric conductance 2.5 mho. The HANE plasma plume is modeled as an

enhancement of the ionospheric conductance to 1000 mho with a horizontal

extent in the ionosphere of about 500 km. The magnetosphere was allowed

to achieve a quasi-steady state for the given solar wind and uniform

conductance before introduction of the HANE conductivity enhancement.

III. RESULTS

,The results of the simulation study are demonstrated with contour

plots of the high latitude field aligned currents and the polar electric

N! potential. Figure 1 shows the currents and potential before introduction

of the high conductivity region. The currents in the left plot show the

Region 1 and Region 2 Birkeland current systems. The Region I currents

are out of (positive) the ionosphere in the afternoon-evening and into

(negative) the ionosphere in the morning. The Region 1 currents are the

,t.-. driving currents for the polar convection and originate in the solar wind-

magnetosphere dynamo as discussed in Fedder and Lyon [1987]. The Region 1

3
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current sheets also delineate the boundary between open magnetic field

lines connecting to the solar wind and the earth's cosed field lines at

lower altitudes. The right plot in Fig. 1 shows electric potential

contours which are also flow lines for the plasma convection. The flow is

distributed uniformly across the polar cap in the antisolar direction

(noon to midnight) and returns toward the dayside as lower latitudes. The

antisolar flow occurs essentially on open magnetic field and sunward flow

on closed field.

For this preliminary study the conductivity enhancement, simulating

the HANE plume plasma, was inserted in the northern polar ionosphere just

poleward of the afternoon-evening Region 1 current sheet at 770 magnetic

latitude and at an hour angle of 14:30. Figures 2, 3 and 4 show the

results in a temporal sequence during the continuing simulation. There

are a number of notable features in the results. First, the Birkeland

current patterns are essentially undisturbed by the introduction of the

HANE conductivities. Second, the potential patterns and plasma convective

flow avoid the region of enhanced HANE conductivity. Third, after a very

quick adjustment to the HANE conductivities lasting less than 5 minutes

the currents and flow become quasi-steady and are essentially unchanged

for the next 15 minutes. A final notable feature seen in both the north

and south polar regions, Figs. 4 and 5, is the dramatic shift of high

speed antisolar plasma convective flow from the afternoon side of the

polar region toward the morning side. We will discuss these features and

their physical cause in the following section.

IV. DISCUSSION AND CONCLUSIONS

The results presented in the previous section allow us to begin to

form some tentative conclusions concerning the dynamics of HANE plasma
I

plumes and their interaction with the high latitude environment. The

apparent absence of major morphological changes to the Birkeland current

patterns shown in Figs. 2 - 5 show that the HANE conductivity enhancement

does not effectively couple to the solar wind magnetosphere dynamo. This

result is consistent with our previous results in Fedder and Lyon [1987]

which showed that increasing polar conductivities reduce the power

delivered by the solar wind to the magnetosphere-ionosphere. There are

some perturbations to the polar current pattern along the edges of the

plume but both the current density and the total current are much smaller

than that in the Region 1 current system.

4.'S



.tR The changes to the potential pattern and the convective flow of

. plasma in the polar region is much more remarkable. The results

demonstrate that the plume polarizes so as to exclude the polar electric

fields. This leads to the plasma convection flowing around the

conductivity enhancement. Inside the enhancement the electric field and

therefore the plasma speed perpendicular to the geomagnetic field is more

than an order of magnitude less than that outside. This result indicates

that HANE plumes should be expected to evolve only very slowly at high-

latitudes and not participate in the general plasma convective flow. This

is an important result since it indicates that high latitude HANE plasma

plumes should be very long lived and should decay very slowly owing

primarily to the effects of gravity and plasma recombination in the

ionosphere. Also, because of the strong shielding of the convective

electric field one would not expect plumes to structure by the gradient

'4- drift instability. On the other hand, the strong velocity shear which

will occur at the plume boundary could lead to erosion of the plume via

the Kelvin-Helmholtz instability (Keskinen et al., 1987).

The final notable result is the shift of strong convective flow from

the afternoon side of the polar cap toward the morning side as

demonstrated in both Figs. 4 and 5. This result indicates that, although

the conductivity enhancement does not couple strongly to the solar wind-

N- magnetosphere dynamo, the normal coupling of the ionosphere to the dynamo

is changed. The change occurs by causing the dayside magnetic

reconnection region, the source of the dynamo, to move towards the morning

side of the magnetosphere and may also involve changes in the external

shape of the magnetosphere. A complete understanding of the detailed

nature of these changes will require further study.

'4 There is one other effect not mentioned in the results section that

* deserves discussion. If one examines the temporal sequence, Figs. 1
through 4, one notices a gradual decrease in both the polar cap potential

and the intensity of the Region I Birkeland currents. More careful

examination also indicates a shrinkage in the area of the polar cap,the

* open field line region, and a decrease in the width of the dayside anti-

sunward flow. Whether this decrease i c uaused by the HANE conductivity
enhancement or by a quasi-steady oscillartion of the magnetosphere system

is not yet clear and will requir:e further study. Nevertheless, it is

• consistent with our previous results showing reduced efficiency for the

solar wind-magnetosphere dynamo in the presence of enhanced polar

ionosphere conductivities.
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The results and conclusions here are preliminary and therefore

tentative for a number of reasons. First, the model of the HANE plasma

plume as a conductivity enhancement ignores the great volume of HANE

plasma extended along the geomagnetic field into the magnetosphere. This

plasma at great altitudes could leAd to additional effects not anticipated

in this report. Second, the numerical resolution in the polar ionosphere

is rather coarse and the plasma conductivity enhancement occupied

essentially a single numerical cell. Higher resolution simulations are

necessary to confirm these preliminary results. Third, the results

presented here consider only a single HANE plasma plume at one location in

the polar region. Additional simulations are required to investigate the

effects of HANE plasma plumes in different locations and the effects of

multiple HANEs in the high latitude ionosphere-magnetosphere. Finally,

the conductivity enhancement in this simulation was held fixed in space

throughout the calculation. The motion of the HANE plume could become

important over temporal scales of an hour or more as it drifts and

distorts, however slowly, in the reduced high latitude convection field.

In the future, we intend to remove these previously mentioned limitations

ot thc 'urrent simulation model and to thereby improve the accuracy of the

results.
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Figure 1: The field-aligned currents (amp/n 2 ) on the left and electric

'Spotential (volts) on the right as a function of magnetic

.J latitude, 60o-90o, and solar hour angle. For currents, the

* solid (dashed) contours indicate out of (into) the ionosphere;

','."..and for voltage, solid (dashed) contours indicate positive

, .-. (negative) potential. The contours are for initial conditions

.-- for HANE plume simulations. The current contours show the

~Region 1 system between 700 and 800 magnetic latitude, and the

, . Region 2 currents at lower latitude. The potential contours

show the anti-sunward plasma convection above about 750
" ,.- !!latitude and sunward convection at lower latitudes. Con tours

"." are spaced even~y between the maximum and minimum values

f:. . -,indicated.
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Figure 2: Same as Figure 1 one minute after introduction of HANE

conductivity.
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Figure 3: Same as Figure 2 but 7 minutes later.
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Figure 4: Same as Figure 2 but 15 minutes later.
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P.O. BOX 809 WASHINGTON, DC 205S5

LOS ALAMOS, 855! OLCY ATTN DOC CON DR. YO SONO

OlCY ATTN DOC CON FOR J. BREEDLOVE
NATIONAL O-CEANIC & ATM OSPHERIC ADMIN

UNIVERSITY OF CALIFORNIA ENVIRONMENTAL RESEARCH LABORATORIES
% LAWRENCE LIVERMORE LABORATORY DEPARTMENT OF COMMERCE

P.O. BOX 808 BOULDER, CO 80302

LIVERMORE, CA 9 550 OCY ATTN R. CRUBB
01CY ATTN DOC CON FOR TECH INFO

DEPT DEPARTMENT OF DEFENSE CONTRACTORS
01CY ATTN DOC CON FOR L-389 R. OTT
01CY ATTN DOC CON FOR L-31 R. HAGER AEROSPACE CORPORATION

P.O. BOX 92957
LOS ALAMOS NATIONAL LABORATORY LOS ANGELES, CA 90009
2.0. BOX 1663 OLCY ATTN I. GARFUNKEL
TLOS AL MOS, NM 87545 01CY ATTN T. SALMI-

01-Y ATTN DOC CON FOR J. WOLCOTT OY ATTN V. JOSEPHSON

01 C Y ATTN DOC CON FOR R.F. TASCHEK OLCY ATTN S. BOWER
C OCIY ATTN DOC C ,ON' FOR E. JONES 01CY ATTN D. OLSEN
01CY TTN DOC C04 FOR J. MALIK

01CY .TTN DOC CON FOR R. JEFFRIES ANALYTICAL SYSTEMS -NGINEERING CORP
01CY ATTN DOC CON FOR J. ZINN 5 OLD CONCORD ROAD

0 1OCY ATTN DOC CON FOR D. WESTERVELT BURLINGTON, MA 01803
0 1OCY ATTN D. SAPPENFIELD 01CY ATTN RADIO SCIENCES

LOS ALAMOS NATIONAL LABORATORY AUSTIN RESEARCH ASSOC., INC.
MS D438 1901 RUTLAND DRIVE

LOS ALAMOS, NM 87545 AUSTIN, TX 78758
01CY ATTN S.P. GARY 01CY ATTN L. SLOAN
OCY ATTN J. BOROVSKY OCY ATTN R. THOMPSON

SANDIA LABORATORIES BERKELEY RESEARCH ASSOCIATES, INC.

P.O. BOX 5800 P.O. B ;x 983
ALBUQUERQUE, NM 871 15 BERKELEY, CA 94701

0 1OY ATTN DOC CON FOR W. BROWN 01CY ATTN J. WORKMAN

', 01CY ATTN DOC CON FOR A. 01CY ATTN C. PRETTIE
THORNBROUGH 01CY ATTN S. BRECHT

0!OY ATTN DOC CON FOR T. WRIGHT
O',Y A-TTN DOC CON FOR D. DAHLGREN BOEING COMPANY, THE
, 01 C Y .-TTN DOC CON FOR 31 41 P.O. BOX 3707
OILCY ATTN DOC CON FOR SPACE PROJECT SEATTLE, WA 98124

D0V O1CY ATTN G. KEISTER

, 01CY ATTN D. MURRAY
SAN IA LABORATOR I ES OLCY ATTN G. HALL
LIVERXCRE LABORATORY 01 CY AT7N J . KENNEY

V P.O. BC:': ?59
q LIVERMORE, CA 9L550 CHARLES STARK DRAPER LABORATORY, INC

OCY ATTN DOC CON FOR B. M.URPHEY 555 TECHNO"LOGY SQUARE

S0'C Y A-TO DCC CON FOR . COCK CAMBRIDGE MA C2139
COY D.T 5.. Ccx
1 C Y 47AT-" J.D. G. 7 _ ORE

61
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COMSAT LABORATORIES ILLINOIS, UNIVERSITY OF
* 22300 COMSAT DRIVE 107 COBLE HALL

CLARKSBURG, MD 20871 150 DAVENPORT HOUSE

OLCY ATTN G. HYDE CHAMPAIGN, IL 61 820
.ALL CORRES ATTN D,.N MCCLELLAND)

CORNELL UNVERSITY YCY ATTN K. YEH

DEPARTMENT OF ELECTRICAL ENGINEERING
ITHACA, NY I4850 INSTITUTE FOR DEFENSE ANALYSES

01CY ATTN D.T. FARLEY, JR. 1801 NO. BEAUREGARD STREET

ALEXANDRIA, VA 22311
ELECTROSPACE SYSTEMS, INC. 01CY ATTN J.M. AEIN

BOX 1 359 01CY ATTN ERN'ST BAUER
RICHARDSON, TX 75080 01CY ATTN HANS WOLFARD

01CY ATTN H. LOGSTON 01CY ATTN JOEL BENGSTON
01CY ATTN SECURITY (PAUL PHIiLIPS)

INTL TEL & TELEGRAPH COLPORATION

ECS TECHNOLOGIES, INC. 500 WASHINGTON AVENUE

606 Wi1shlre Blvd. NOLEY, NJ 07110
Santa Monica, CA 904010 01 CY A'TTf; TECHNICAL LIBRARY

1.OCY ATTN C.B. GABBARD

0,C C Y ATTN R. LELEVIER JAYCOR

11011 TORREYANA ROAD
GENERAL ELECTRIC COMPANY P.O. BOX 85154

- SPACE DIVISION SAN DIEGO, CA 92138

VALLEY FORGE SPACE CENTER 01CY ATTN J.L. SPERLING
GODDARD B'LVD KING OF PRUSSIA

P.O. BOX -1555 JOHNS HOPKINS UNIVERSITY
PHILADELPHIA, PA 19101 APPLIED PHYSICS LABORATORY

01CY ATTN M.H. BORTNER JOHNS HOPKINS ROAD

SPACE SCI LAB LAUREL, MD 20810
O.CY ATTN DOCUMENT LIBRARIAN

GEOPHYSICAL INSTITUTE OCY ATTN THOMAS POTEMRA
UNIVERSITY OF ALASKA 01 CY ATTN JOHN DASSOULAS
FAIRBANKS, AK 99701

(ALL CLASS ATTN: SECURITY OFFICER) KAMAN SCIENCES CORP

O-CY ATTN T.N. DAVIS (UNCLASS ONLY) P.O. BOX 7463
01 CY ATTN NEAL BROWN (UNCLASS ONLY) ->OLORADO SPRINGS, CO 80933

01CY ATTN T. MEAGHER
GTE SYLVANIA, INC.

ELECTRONICS SYSTEMS GRP-EASTE--RN DiV KAMAN TEMPO-CENTER FOR ADVANCED
77 A STREET STUDIES

NEEDHAM, MA 02194 816 STATE STRE2T (P.O DRAWER QQ)
OICY ATTN DICK STEINHOF SANTA BARBARA, CA 93102

1 01CY ATTN DASIAC
HSS, INC. OILCY ATTN WARREN S. KNAPP

2 ALFRED CIRCLE OLCY ATTN WILLIAM MCNAMARA
BEDFORD, 1-1A 01730 01CY ATTN B. GAMBILL

1COILY ATTN DONALD HANSEN

, V LINKABIT CORP
10U53 ROSELLE

SAN DIEGO, CA 92121
01CY ATTN :RWIN JACOBS

• 17



LMIS E p SPACE 0. , NC MITRE AO L?

SU, NN2 V E CA >38 1300 DO"LY MAD..O '
U1 " T X 2 E'T '.0- - 'CLEAN, I.A 222 .Cl

A 7v HT D.R C RCH I' 'C ITT, W. A L

0! y A T TN v. 3" -7

LOCKHEED MISSILES SPA CE CO., INC.
3251 HANOVER S r E p AC I:IC-SIE RRA . P

PA L A LT A --3 0 1 230 SANTA MOT Q U
N X-k MAR A- DT P52-i LOS ANSELES 2

COLY ATTN .'. I.:HCF DEPT 52-12 OLCY ATTN E.C F T
O1CY ATTN CHA RD 1. -JH.NSON

DEPT 52-12 PENNS YLVAN IA STA N-V FRS 1
.: ATTN .L. CLADIS DEPT 52-12 IONOSG H ERE RESEAR C A

318 EL CTR TCA ' E ' 3 ST
MAP":NA ARIE-T JCR? .. UNIVERSITY A , P Y AR
C RLA:DC 2 2-CM. (NO CLASS TO . ADDRESS)

. .3 5 01CY ATTN ION: S PV -

ClOY ATTN R. HE F NER PHOTOMETRICS, INC
* , ARROW DRIVE

,CDONNEL DOUGLAS CORPORATION O'URN, MA 2.301
5, 3 BOLSA AVENUE 01 C Y ATTN IRV INC L. -F SKY

* HUNTINGTON BEACH, CA 9267
OlC CY ATTN N. HARRIS PHYSICAL DYNAMICS, 7NC.

, 1OCY ATTN J. MOULE P.O. BOX 3027
1OICY ATTN GEORGE MRjZ BELLEVUE, WA 98009

01CY ATTN w. OLSON OILY ATTN .J. EREMOUW
CICY ATTN R.W. HALPRIN
O1CY ATTN TECHNICAL PHYSICAL DYNAMICS, INC.

LIBRARY SERViCES P.O. BOX 10367
OAKLAND, CA 94610

M:SSION RESEARCH CORPORATION ATTN A. THOMSON
735 STATE STREET
SANTA BARBARA, CA - 01 R & D ASSC-IATES

- 1OCY ATTN . ._ . P.O. BOX 9
1CY A TTN7 .L. MARINA DEL REY, CA 90291

O1CY ATTN STEVEN L GUTSCHE 0ClY ATTN FORREST GILMORE
O1CY ATTN R. BOGUSCH 0lCY ATTN WILLIAM B . RIGH., "

GUY ATTN . Ht'RICF< O1 Y ATTN ILIAM . KARCAS

31 lY ATTN RALPH KILB OLCY ATTN H. CRY
OILY ATTN DAVE SOWLE 01CY ATTN C. MACDONALD

SOILY A AT FAJEX 01CY ATTN BRIAN LAMB
-' ,V AT' V SC : BE OLCY ATTN MORGAN GROVER

O CY ATTN CONRAD L. LONMIRE
OILY ATTN B. ,HITE RAYTHEON CO.

AT T R. STAGAT 523 BOSTON POS7 ROAD
", , SU'DHURY , 

.  "A C --
. 2
'-Slt ESA -O P 3!i ATT. B. ARBARA A:DA&MS

% , -2O RANOLP..CAD, S.E.
...L...E E, .... ET7" S 3 IVERS IDE R=ESEARCH STTT

S;,:f R. 3TE LI';,',:RF 30 W'EST U2nd STREETV V 7 m.T01'ATs1IC RPX
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-c .. 1 RCd 122 1 Sco0rn:
S'222 ATTN C. SMITH

' A ,TTN ,.7UNODA
212D ATTN DAVID A. JOHNSON

°2'C5 2 ATT NJ WA TER C. CHESN!T

, 212I2 ATTN CHARLES 2. RIND

312Y ATTN . VICKREY
0122 ATTN RAY 2. LEADASRANDO

" 0122 ATTN; C CARPENTER
2 122 ATTN . P RICE

C...ATTN R. LiVINCSTON
2>2 2YA T '' CNZAL ES

32 ATTN D. ::2,0 IEL

A' - us,,.3. .3 AVJENUE,,

Sb - - ,fD SR ,'.A -- 7

*-5. - " - ." ., V-] D:.P 0 S -

' .R -E E' . & SPACE SYS , C22

, .. :o ..... s :,. x i ;9 273

,,..>22' ATTN R. K. PLEBUCH
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